The Sec translocon is a transmembrane assembly highly conserved among all forms of life as the principal route for transport of polypeptides across or into lipid bilayers.
Introduction
Alternatively, SecY has been proposed to act as Brownian ratchet while allosterically communicating with SecA (Allen et al., 2016) .
A recent single molecule study detected conformational changes of the 2HF taking place on time scales (measured as dwell times in different states) of 100 -400 ms (Catipovic et al., 2019) , i.e. similar to the timescale of the ATP hydrolysis cycle (~100 ms) (Robson et al., 2009 ), suggesting that SecA acts via a directly coupled power stroke. However, in all available structures of the complex (Li et al., 2016; Ma et al., 2019; Park et al., 2014; Zimmer et al., 2008) there is little space left for 2HF movement, and covalent crosslinking the 2HF to SecY does not prevent translocation activity , suggesting the 2HF does not move much during protein transport. Thus, the conformational changes between SecA and SecYEG maybe more subtle and remain unresolved.
Many consequences of coupling between the motor and channel components have been observed: (1) the SecA ATP hydrolysis rate increases ten-fold when complexed to SecYEG and 100-fold during translocation (Robson et al., 2009 ); (2) Opening and closing of the SecY
LG is linked to the nucleotide state of SecA (Allen et al., 2016) ; and (3) the ATPase cycle is affected by the LG conformation (Allen et al., 2016) . Further evidence for dynamic coupling comes from recent hydrogen-deuterium exchange experiments which report on internal protein dynamics and allostery (Ye et al., 2019; Zander et al., 2016) . In these experiments an increased deprotection of SecA against deuteration is associated with protection of SecY and vice versa; i.e conformational dynamics are coordinated in an anti-correlated fashion (Ahdash et al., 2019) . Understanding this dynamic coupling between SecA and the SecYEG protein channel is key to reconciliation of the apparently distinct mechanisms of its action proposed. Several scenarios need to be considered: do the different conformations of SecYEG (e.g. open and closed states of the channel) deterministically and rigidly follow the nucleotide state of SecA? Or, alternatively, is SecYEG coupling to SecA more stochastic; manifested by rapid interchange between states controlled by modulations of the underlying energy landscape by the nucleotide status of SecA?
To address these questions, experiments sampling time scales faster than that of ATP hydrolysis by SecA (~100 ms) are necessary. Here, we extend our recent single-molecule FRET (Förster resonance energy transfer) approaches (Allen et al., 2016; Fessl et al., 2018) to access time scales from sub-millisecond to hundreds of milliseconds. We deployed our previously developed system in which the fluorescently labelled LG ( Figure 1A and Figure 1 -Supplement 1) acts as a proxy for SecYEG channel opening and closure and is monitored by FRET (Allen et al., 2016) . Surprisingly, we found that the LG moves on a time scale an order of magnitude faster than the ATPase cycle and the recently observed conformational changes in SecA (Catipovic et al., 2019; Chada et al., 2018; Vandenberk et al., 2019) .
However, the interchange and occupancy of LG conformational states still depends on the nucleotide state and the presence of substrate, suggesting dynamic allostery in which SecA biases the energy landscape for SecY LG opening. Using an analysis of molecular dynamics (MD) trajectories suggest a molecular mechanism underpinning this dynamic allostery, and propose a model involving coupled dynamics of the SecA and SecY.
Results

Identification of conformational states of SecYEG
Previous structural studies have shown that the LG of SecYEG exhibits three conformational states (Zimmer et al., 2008) ; (Li et al., 2016) . This was further confirmed by single molecule fluorescence (Allen et al., 2016) in which open, part open (here called intermediate) and
closed LG configurations were identified. Here, we first recapitulated FRET efficiency distributions from the earlier TIRFM study (200 ms temporal resolution) using a faster confocal approach (temporal resolution ~ 0.1 ms) that has the potential to reveal transiently populated states and their interchange. As previously described, a double-cysteine variants of SecYEG labelled with a FRET dye pair ( Figure 1A ) was reconstituted into E. coli polar lipid to give singly-occupied proteoliposomes (Allen et al., 2016) . During the SecA ATPasecoupled translocation of substrate through the translocon, the FRET signal between the dyes acts as a proxy for the distance across the LG (Figure 1figure supplement 1) .
The conditions most relevant to translocation -SecYEG:A alone and SecYEG:A + ADP (both at equilibrium), and SecYEG:A + ATP and SecYEG:A + ATP + substrate (proSpy, (Pereira et al., 2019) ) (both away from equilibrium), were probed using pulsed excitation in order to simultaneously access donor fluorescence lifetime (D) and intensity information.
The cumulative FRET efficiency distributions (example shown for SecYEG:A in Figure 1D ) are well-explained by fitting to three single Gaussian components corresponding to the open (green), intermediate (orange) and closed (red) states. This assignment is further confirmed by modelling fluorophore accessible volumes yielded three distinct FRET distributions for these states (Figure 1figure supplement 1) , closely reproducing the observed FRET efficiencies.
In order to quantitatively analyse the population of molecules in each state, it was first necessary to correct the distributions for the contribution from the Apo SecYEG complexes (Figure 1figure supplement 2) that arise from SecYEG that are oriented with their cytoplasmic side facing the vesicle lumen. Due to random orientation of reconstituted complexes, these constitute 50% of all complexes and do not participate in the reactions involving SecA (Allen et al., 2016; Fessl et al., 2018) . Following this correction, the relative populations of the different states could be evaluated for samples in the presence of the various nucleotides and soluble periplasmic pre-protein proSpy, (Pereira et al., 2019) ( Figure 1D, Figure 1figure supplement 3) ; all of which were in good qualitative agreement with the previously published TIRFM conducted with an alternative pre-protein (proOmpA) (Allen et al., 2016) . In fact, better time-resolution led to reduced averaging due to rapid state interconversion and helped to discern a shift in the FRET efficiency distribution for the closed state during translocation (compare panels E and F in Figure 1figure   supplement 3). Presumably, this was a result of signal sequence induced unlocking of SecYEG as previously documented by various methods (Fessl et al., 2018; Gouridis et al., 2009; Hizlan et al., 2012) . Thus, the improved temporal resolution also helps to detect subtle changes in LG conformation and allows new states to be discerned.
Dynamic behaviour of the SecYEG lateral gate
In order to examine the dynamic equilibria of the LG conformational states, and its response to SecA and different nucleotides, and the pre-protein, we compiled 2D histograms of FRET efficiency (E) and the corresponding donor lifetime obtained for each burst (Figure 2) . Such two-dimensional analysis allows for the determination of dynamic behaviour ( In summary, the results presented here show that the LG undergoes dynamic transitions on an ~ 20 ms time scale, which is an order of magnitude faster that the ATPase cycle, as well as the recently observed conformational changes of SecA (Catipovic et al., 2019; Ernst et al., 2018) . However, the average population of the states is clearly linked to the SecA ATPase cycle (Figure 1E ) and thus the 'fast' LG opening reaction coordinate is stochastically coupled to the 'slow' SecA chemical reaction coordinate. This observation adds further evidence in support of the two way communication model presented previously (Allen et al., 2016) , but due to the large separation of the observed time scales the two reaction coordinates as shown here, cannot be directly coupled. Thus, even if SecA undergoes a power-stroke like cycle, SecYEG LG does not follow it directly state-by-state, but is instead dynamically and indirectly coupled to SecA conformations.
Weak hydrogen bonding networks couple nucleotide occupancy to lateral gate motion
There are now eleven high resolution structures available of the SecY complex, in a range of different states. Therefore, although each one only represents a single discrete conformation, we reasoned that they might together contain enough information to give structural insights into the dynamic coupling between SecYEG and SecA. To investigate this, we first used invariant core analysis (Gerstein and Altman, 1995) to identify parts of the SecYEG structure that remain structurally conserved among species and conditions (e.g. Previous study showed that residue K268 within TMH 7, when substituted by Cys (K268C mutant), can be crosslinked to the two helix finger (2HF) of SecA without loss of activity , implying close contact and coupled motion of these structural elements. This suggests that the tilting motion of the cytoplasmic ends of SecY TMH 6-9 may be linked to the slow conformational changes observed for the 2HF ( (Figure 2) . In contrast, H-bonding patterns between SecY and SecA nucleotide binding domains 1 and 2 (NBD1/2) and helical scaffold domain (HSD), respectively, do depend on the pre-protein substrate (Figure 5figure supplement 1) , and thus may be involved in the stimulation of the ATPase cycle by the pre-protein binding.
In summary, the above molecular simulation data link the observed LG dynamics to changes in the pattern of H-bond interactions at the SecYEG:A interface which may be responsible for biasing the LG conformation in response to the SecA ATPase state, but are too weak to lock the LG in one particular state, hence resulting in a dynamic coupling between the two.
Discussion
We play an important role in the pre-protein translocation mechanism. Indeed, lateral gating by SecY has been shown previously to be strongly dependent on temperature (Ge et al., 2014) .
Rapid dynamic interchange is an intrinsic property of the SecY lateral gate, even in the absence of SecA; although the closed state is the most highly populated state (Figure 2) .
The presence of SecA allosterically controls this rapid equilibrium by selectively promoting transitions between the open and closed LG conformations, dependent on the nucleotide bound in the ATPase active site (Figure 1 -figure supplement 3 and Figure 2 ). We propose that this is achieved via modulation of the energy landscape associated with LG opening and closing (Figure 6) .
Invariant core and PCA analyses of the available crystal structures combined with patterns of hydrogen bonding in MD simulations revealed potential movements and changes in interaction patterns in SecYEG:A associated with the LG reaction coordinate (Figures 3-5) .
These structural changes localize to the C-terminal TMH 6-9 bundle and their connecting loops (Figures 3-4) and correlates with the changes in hydrogen bonding at the SecYEG:A interface (Figure 5 ). This regions of SecYEG undergoes significant deprotection against deuteration in the presence of AMP-PNP suggesting that it is more dynamic than in the ADP-bound state (Ahdash et al., 2019) . In contrast, SecA becomes more protected against hydrogen exchange in the ATP-bound state, suggesting that it assumes a more stable, relaxed, conformation (Ahdash et al., 2019) . The AMP-PNP SecA conformation also has high affinity for SecYEG suggesting extensive contacts at the cytoplasmic interface (Robson et al., 2009) . Indeed, MD analysis of hydrogen bonding indicate that the C4 and C5 loops switch contacts between the SecA PPXD and 2HF, respectively (Figure 5panel B and Movie supplement 2). In the ATP state, the C4 loop interacts preferentially with the 2HF, while preferring the PPXD in the ADP state. The SecY C5 loop, on the other hand, exhibits more H-bonds to the PPXD in the ATP state, while switching to 2HF in the ADP state. The SecY C6 loop is engaged in an ATP/ ADP-dependent manner with HSD and 2HF, but these interactions also depend on the presence of the pre-protein substrate Figure 5figure   supplement 1) , suggesting that the latter may also act as an allosteric modulator and further bias the energy landscape.
Our smFRET data indicate that in the nucleotide free or ATP-bound state of SecA these contacts are not strong enough to fix the C-terminal bundle involving TMHs 6-9 in SecY in the fully open configuration and thus allow rapid fluctuations between states. In the ADP bound state SecYEG reverts to its stable, closed ground state; while SecA is in a strained, less stable configuration, as shown by the increase in deuterium exchange in this state (Ahdash et al., 2019) . SecA:ADP has lower affinity for SecYEG, suggesting less extensive cytoplasmic interface within the complex, which could then lead to retraction of the TMH 6-9 to the resting position. This is likely due to an extensive structural rearrangement within SecA, such as repositioning of the 2HF finger and the PPXD, that were recently observed by smFRET (Catipovic et al., 2019) . Evidence for this repositioning also comes from a previous ensemble fluorescence experiment in which attachment of the environment-sensitive dye fluorescein to E. coli SecY residue K268 on loop C4 reports on an interaction with SecA . In the presence of AMP-PNP the excitation fluorescence of this dye is massively quenched, which turned out to to be attributable to a contact with the 2HF: visualised in the same state (ATP) in SecYEG:A (Zimmer et al., 2008) . Interestingly, this effect was lost in the presence of ADP, indicative of a conformational rearrangement at the C4-2HF interaction site (Figure 5B) . Of course, this conformational change need not necessarily involve movements of large distances. This 2HF repositioning may create a steric barrier for the TMH 6-9 motion and further lock it in position and effectively stop LG dynamics (Figure 6) . This is supported by analysis of MD trajectories that demonstrate the cytoplasmic cavity in the vicinity of 2HF and TMH 6-9 is significantly smaller in the ADP state (Corey et al., 2019) .
So why are SecA and SecYEG not directly coupled in a power stroke-like mechanism? Our data and the recent SecA smFRET studies (Catipovic et al., 2019; Chada et al., 2018; Vandenberk et al., 2019) indicate that SecYEG and SecA operate on separate, but stochastically coupled timescales. While SecA, during its ~ 500 ms cycle, can 'grab' the preprotein substrate and translocate about 20 amino acids (based on ~ 40 aa/ s processive rate (Fessl et al., 2018) ), SecYEG operates on a much shorter time scale of ~ 20 ms, which is roughly equivalent to the passage time of a single amino acid. Thus, the two machines 'process' the translocating polypeptide on different length scales which need to be coupled during translocation. In addition, SecYEG is a versatile machinery, serving in the SecA ATP hydrolysis-driven translocation across the membrane, as well as ribosome GTP hydrolysisdriven co-translational folding into the membrane, with both processes requiring LG dynamics. Since the latter process relies on intimate probing of the lipid environment by the nascent polypeptide chain during initial recognition of the signal anchor and subsequent insertion of TMHs, it requires multiple LG configurations and relies on LG dynamics (Bischoff et al., 2014; Kater et al., 2019; Wickles et al., 2014) . Thus, SecYEG may be 'programmed' to exhibit fast LG dynamics which then is controlled by either SecA in nucleotide-dependent manner, or by the ribosome in a nascent chain sequence-dependent manner. We propose that these mechanisms each occur via a general, conserved energy landscape biasing, mediated by interactions of SecY cytoplasmic loops with SecA or the ribosome. Such a dynamic allosteric mechanism is not unique to SecYEG:A, since similar nucleotidedependent steering of rapid dynamics has also been shown recently for adenylate kinase (Aviram et al., 2018) , also enabled by advances in single molecule technology (Pirchi et al., 2016) . Dynamic allostery involving motions occurring across multiple time scales coupled via energy landscape bias could be ubiquitous among complex molecular machines. Further experiments exploiting the wide range of timescales and motions now available via smFRET measurements will enable discovery of the extent to which such dynamic allostery is exploited in biology.
Methods
SecYEG, SecA A795C-FL and proSpy were produced as described previously (Collinson et al., 2001; Gold et al., 2007; Pereira et al., 2019) . Labelling of SecYEG was also conducted as described previously (Allen et al., 2016) . The reconstitution and sample preparation for the confocal single molecule detection was performed according to established protocols (Allen et al., 2016; Fessl et al., 2018) . The ~100 nM diameter proteoliposomes containing SecYEG were mixed with the appropriate proteins or nucleotides added at 100x concentration before being diluted 1:100 with measurement buffer to a concentration of 30 pM proteoliposomes for single-molecule measurements with a SecA concentration of 1 μM, proSpy concentration of 700 nM and nucleotide concentration of 1 mM. 
Single-Molecule Lifetime Analysis
Hidden Markov Analysis
To further characterise dynamics of lateral gate of SecY on a time-scale ranging from 0.5 to ~100 ms, we extracted FRET states (and respective dwell times) from time-sliced bursts using Hidden Markov Models (HMM) (Rabiner, 1989) with Gaussian emissions as implemented in python packages hmmlearn and scikit-learn (Pedregosa et al., 2011) .
Hydrogen Bond Analysis
Hydrogen bonds were localised from molecular dynamic simulation trajectories (Allen et al., 2016) using VMD HBonds Plugin (Humphrey et al., 1996) and further visualised in a Python environment.
Principal Component Analysis
Principal Component Analysis (PCA) is a technique commonly used to extract the most significant conformational changes, here it was performed in Bio3D (Grant et al., 2006) . Multiple Sequence Alignment. Next we split the structures into separate chains and store them for subsequent access. Finally, we extracted the sequence of each structure and perform a multiple sequence alignment to determine residue-residue correspondences. (Grant et al., 2006) . Applying PCA to all 14 structures revealed that 85.93% of the total coordinate variance can be captured in three dimensions (39.98% in the first PC, 30.36% in the second, and 15.59% in the third.
Conformer Clustering in PC Space (see figure S4.2 and S4.3) . Clustering structures in PC space enabled us to focus on the relationships between individual structures in terms of their major structural displacements, with a controllable level of dynamic details, i.e. helped us to specify the number of PCs used in the clustering. Two principal components were sufficient to cover > 70% of all variance.
Accessible Volumes
Implementation of the accessible volume (AV) algorithm (Sindbert et al., 2011) 
FRET Histograms
Due to the nature of random insertion of SecYEG into liposomes 50% of molecules will present the cytosolic interface internally into the liposome meaning SecA cannot bind. This random insertion has been shown for wild-type SecYEG (Mao et al., 2013; Schulze et al., 2014) and the SecYEG lateral gate mutant used in this study (Allen et al., 2016) . To accurately determine state populations from FRET efficiency distributions for each experimental conditional this SecYEG Apo population must corrected for. A kernel density estimate (KDE) was applied to the SecYEG Apo FRET efficiency histogram ( Figure 1S2 ).
This KDE was used to estimate the probability density function (PDF) of state populations in the SecYEG protein alone. This SecYEG Apo PDF was then subtracted from the FRET efficiency histogram PDF for each condition. FRET efficiency histograms for each condition were then fit with three Gaussian distributions with the following fixed parameters for the centres of the fits: 0.25, 0.50, 0.72 and varied for the data in Figure 1figure supplement 3 panel F. These centres were derived through primary fitting of all conditions to find what best fits the majority of the data. The remaining parameters were left to vary. Figure 1 -figure supplement 3) . (Figure 2figure supplement 3) . (Li et al., 2016) ). SecY ribbon is colored according to the invariant core analysis in The Invariant Core is shown in black, 2HF is in dark blue and PPXD is in magenta. In top right panel loops C4 and C5 toggle between dark blue and magenta, indicating interactions with 2HF and PPXD, respectively. Note that SecA is held static since no high-resolution models of this structure directly corresponding to the open and closed LG have been identified thus far. The SecA dimer delivers pre-protein to the SecYEG translocon (initiation, see (Fessl et al., 2018) ). 
Figure legends
